This study aims to characterize the fibre direction dependent damping properties of non-conductive composite materials to be used in newly designed electrical power transmission pylons, on which the conducting cables will be directly connected. Thus, the composite structure can be designed both to insulate and to act as a damper to avoid for example conductor line galloping. In order to predict the damping of the composite materials, a comprehensive analysis on a representative unidirectional laminate was carried out. The fibre direction dependent damping analysis of glass and aramid reinforced epoxy and vinylester, partly reinforced with nanoclay or fibre-hybridized, was investigated using a Dynamic Mechanical Thermal Analysis and a Vibrating Beam Testing procedure for five different fibre orientations (0 , 30 , 45 , 60 and 90 ). The focus was on damping behaviour evaluation at low temperatures (À20 C and 0 C) and low vibration frequencies (0.5 Hz, 1 Hz and 2 Hz), in order to represent the environmental conditions of vibrating conductor lines during. The prediction of the damping behaviour for coupon-level-specimens with three balanced laminates was successfully carried out with a maximal deviation of maximal 12.1%.
Introduction
The European Network of Transmission System Operators for Electricity (ENTSOE) foresees a need for over 50 .000 km of new or overhauled extra high voltage routes in the coming 10 years -with more than half (28.400 km) as new overhead lines. 1 Instead of erecting new standard steel lattice towers, which were developed over 70 years ago without regard to visual appearance, new materials could enable innovative visual expressions and at the same time -through the integration of insulators in the pylon design -reduce the size of the pylons significantly. Using non-conductive raw material components in power pylons would enable the transmission lines to be attached directly to the cross arms of such a composite power pylon. The dynamic interaction between power pylon and transmission lines would however be significantly increased compared to the classic design with long insulators. Consequently, wind-induced vibrations and motion of the transmission lines would then be transferred directly into the composite mast structure. As the self-damping capability of the transmission lines is limited, [2] [3] [4] the amplitude level associated with cable vibration phenomena, such as the severe galloping instability, is one of the main design drivers for the overall architecture of large transmission line systems. The long-wave galloping vibration is characterized by very low frequencies of 0:1 À 1 Hz and temperatures below 0 C. 5, 6 Non-symmetrical ice aggregations along the overhead transmission lines in combination with wind speeds between 4 and 20 m/s 7, 8 can initiate self-excitation which may lead to catastrophic failure of the entire structure due to excessive vibration amplitudes at resonance. 9, 10 This issue can be mitigated by increasing the energy dissipation in the material used in the power pylon. The structure would act as a damper itself and thereby reduce the galloping induced vibration amplitudes of the transmission lines. The damping of composite materials can be up to several orders of magnitudes higher compared to traditional engineering materials, such as metals and alloys 11 and mainly depend on the orientation of the fibre reinforcement, the fibre content, the layup of the laminate and the composition of the materials involved. 12 For example, a supplemental nanoclay (NC) modification of the matrix component was shown to enhance specific material properties of different matrix systems like the dielectric properties, the Young's modulus and the damping. 13 Due to the large aspect ratio of the NC, defined by the ratio of surface to volume, the enhanced interaction between the clay surface and the matrix results in a significant improvement of some physicochemical properties. 14, 15 In particular, the damping performance of composite materials in the matrixdominated off-axis directions may be enhanced by a well dispersed NC. The dispersion technique thereby plays a significant role. 16 Further, a composition of fibre types with different properties such as glass fibre (GF) and aramid fibre (AF) may also be used as hybrid composites to improve the damping properties of laminates. 17 Although a number of studies exist in the literature regarding the dynamic mechanical characterisation of NC-modified or neat composite materials, most publications focus on environmental conditions that are not representative for cable galloping or material compositions not suitable for the use in high-voltage power transmission pylons. The direction dependent damping of glass fibre reinforced polymers (GFRP) for unidirectional (UD) and woven laminates has been investigated only in the frequency domain from 50 Hz to 600 Hz. 18 In a preliminary work the effect of temperature on the damping behaviour was studied in the range of 20 C to 100 C. 19 The natural frequency variation of flat composite beams made of woven Kevlar and polyethylene reinforcement has been evaluated at low and high temperatures. 20 To the best knowledge of the authors, only two investigations have focused on the damping performance of GFRP and AF reinforced plastics (AFRP) at temperatures and frequencies close to galloping environmental conditions, however excluding the off-axis damping characterisation with fibre angles ' between 0 and 90 , which are relevant to compute the shear damping loss factor 12 . 21, 22 The material damping properties 11 (longitudinal), 22 (transverse) and 12 (shear) fully describe the damping behaviour of a UD composite layer and are therefore input parameters for subsequent analytical and numerical damping analysis of multilayer structures. 23 Given the damping properties of the matrix and fibre, the direction dependent material damping coefficients can be obtained by the classical rule of mixture. 24, 25 However, as the obtained results following this method were too inaccurate in comparison to the experimental test data, this approach will no further be discussed in this paper. To the best knowledge of the authors, a thorough investigation on the damping performance of nonconductive composite materials at temperatures below 0 C and frequencies around 1 Hz has not been addressed in the literature so far. Thus, this study focuses on using nonconductive and NC-modified composite materials with reasonable damping properties such as GFRP and AFRP as structural material in high-voltage power transmission pylons. A comprehensive damping analysis has been conducted under galloping-like environmental conditions for the materials mentioned above. The commonly used dynamic mechanical thermal analyser (DMTA) as well as the vibrating beam test (VBT) have been used to determine the fibre direction dependent damping properties. [26] [27] [28] [29] Specimens with unbalanced off-axis stacking sequences, commonly used for the damping characterisation of representative UD layers, 30, 31 lead to additional damping due to bendtwist coupling effects caused by the unbalanced layup (off-axis laminate) for fibre angles 0 5 ' 5 90 compared to balanced layups (angle-ply laminates). 32 In order to quantify the unwanted dampingside-effect for the off-axis specimens, a balanced layup configuration for all GFRP specimens has also been included in the test regime. The fibre direction dependent damping properties 11 , 22 and 12 of a representative UD layer made of NC modified and neat GFRP and AFRP have been calculated by the approximate Adams-Bacon method. 31, 33 Furthermore, a comprehensive analysis on the parameters effecting the fibre direction dependent damping such as temperature, frequency, change in matrix or fibre materials, NC modification, test method and stacking sequence has been conducted. Finally, a numerical damping prediction of bidirectional hybrid laminates has been carried out based on experimentally obtained damping properties of representative UD layers.
Methods
The fibre direction dependent damping behaviour of non-conductive composite materials was analyzed under low temperature and low frequency conditions. The calculation of damping coefficients is based on the approximate Adams-Bacon damping model. 33 Furthermore, the results are used as input parameters for the numerical damping analysis with a modal strain energy approach.
Mechanical properties
In this study, the dynamic material properties like stiffness and damping were analysed. The complex dynamic stiffness moduli E Ã and G Ã of viscoelastic materials such as composite materials contain a real part (storage moduli) E 0 and G 0 and an imaginary part (loss moduli) E 00 and G 00 , respectively, representing the elastic and viscous effects
The storage moduli of fibre reinforced plastics (FRP) are assumed to be sufficiently close to the stiffness measurements obtained under quasi-static test conditions at room temperature (RT). 34, 35 The stiffness has therefore been characterised by tensile tests. 36, 37 The damping properties were analysed by the DMTA (see section 'Dynamic mechanical thermal analysis'). A thin UD-layer may be approximated with transversal isotropy which uses five independent material proper- 
based on the experimental analysis of the Poisson ratio 12 and the tensile properties E 
The remaining out-of-plane property G 0 23 may be approximated by the equivalent in-plane property G 0 13 .
29,40,41

Damping approximation
The loss factor is a convenient and general damping measurement index often used in material testing or evaluation of composite materials. 42 At low damping levels, the loss factor is related to other damping definitions by
with , , and being the specific damping capacity, the logarithmic decrement, the damping ratio and the phase angle, respectively. 43 The damping behaviour of UD composite laminates depends as far the static mechanical properties discussed above, on the fibre direction and may be approximated by the Adam-Bacon-approach 31,33
This assumption is only valid in the 'free flexure' condition: In case a beam is subjected to pure bending, the resulting twist due to bend-twist-coupling is allowed. The direction dependent in-plane damping properties 11 The out-of-plane damping properties for thin walled structures were approximated by the in-plane equivalents: 22 % 33 , 12 % 13 % 23 . 34 These fibre direction dependent material damping properties have been used as input parameters for the numerical damping analysis described in the following.
Numerical damping analysis by modal strain energy method
The implementation of structural damping in commercially available finite element (FE) software is usually provided by mass and stiffness proportional coefficients in what is known as Rayleigh damping. 44 Since the proportional damping is not suitable to model the orthotropic material damping in composites, the modal strain energy approach is used in the numerical damping analysis. 45 The loss factor may be calculated by
where ÁU represents the dissipated energy during a single oscillation, while U is the maximum strain energy stored within that cycle. 22 The strain energy approach may manually be integrated into a commercially available FE-code in order to analyse the modal damping of a multi-layer composite structures. The dissipated energy and the strain energy may be computed separately for the m-th FE in the k-th UD-layer used in the numerical model (see equation (10) ). However, the contribution of these energies is direction dependent due to the orthotropic nature of composite material. Therefore, the direction dependency needs to be taken into account by considering the tensor components in all directions (i, j ¼ 1, 2, 3) 23, 34 by
where ½m ij , ½m ij and V ½m are the direction dependent stress and strain components within the volume of the m-th element. The equivalent dissipated energy for the m-th FE may then be obtained by
where ij are the experimentally obtained fibre direction dependent material damping properties, required as input parameters. The modal loss factor of the structure for the n-th mode may then be calculated by
where N e and N represent the total number of FEs and the number of layers, respectively. The numerical damping analysis based on a representative UD-layer was carried out using the commercial FEM software ABAQUS. The relevant material properties assuming a plane stress state are E 1 , E 2 , G 12 and 12 , as shown in equation (2) and later in (1) unbalanced, DMTA; (2) balanced, DMTA; (2) unbalanced, VBT; (4) balanced, VBT (see section 'Effect of stacking sequence'). A mesh of fully integrated, 8-node C3D8I hexahedron elements was created to model the vibrating beam in ABAQUS. This element type provides internally added incompatible deformation modes and is therefore a cost effective way to model the bending behaviour of structures, even with only one element through the thickness. [46] [47] [48] The composite interface in Abaqus was used to assign the laminate stack and its orientation to the mesh. Selected degrees-of-freedom at the root-end section of the beam were constrained in order to realize the clamped boundary condition of the subsequent experiments.
Experimental investigation
This section provides a detailed description about the materials, methods and procedures used to analyse the fibre direction dependent damping of GFRP and AFRP at low temperatures and low frequencies. Furthermore, the quality and the uniformity of the different laminates were investigated by comparing FVR and images from the computerized axial tomography (CAT). The two common measurement methods for damping characterisation, DMTA and VBT, were used to evaluate the effect of different material and testing parameters on the loss factor , e.g. matrix material, fibre material, temperature and frequency. The experimental set-ups as well as the testing procedures are described in this section. The data sets of all test results are published separately and freely available. 49 
Materials and sample preparation
Two widely used resin systems, a Bisphenol-Epoxy Vinyl Ester Resin DION IMPACT 9102-683 (VE) and an Epoxy Infusion System PRIME 20LV (EP) as well as their NC modified equivalents, have been used as matrix systems. The NC modification of these resin systems was successfully carried out and evaluated by material testing and microscopic examination in a previous work. 13 The NC Garamite 1958 was thereby dispersed into the neat VE and EP with different weight % (wt.%) using a high-speed homogeniser. An extensive morphology analysis of the nanocomposites using scanning electron microscopy (SEM), transmission electron microscopy (TEM), X-ray diffraction (XRD) and rheology analysis was conducted to evaluate the level of exfoliation. Furthermore, the static and dynamic mechanical properties of the neat VE and EP as well as their modified equivalents, treated with 2 wt.%, were compared. However, the same NC modified VE and EP with 2 wt.% was used right after the dispersion process to manufacture the composite plates for dynamic testing. 13 The specimens are therefore used to verify the transferability of the beneficial effect by NC from polymer level to composite level. A UD GF fabric with an area weight of 475 g/m 2 (incl. 35 g/m 2 of a chopped strand mat) and a UD AF fabric with 109 g/m 2 (incl. 20 g/m 2 AF-weft at ' ¼ 90 ) were used. UD VE-and EP-reinforced GF-and AF-plates, with and without 2 wt.% of NC modification, were manufactured by hand-layup, followed by vacuum bagging, cured at room temperature (RT) and post-cured at 40 C for at least 24 h and then 10 h at 70 C. As already mentioned in the Introduction section, bend-twist coupling effects are assumed to affect the damping properties of composite laminates. 32 In order to quantify the damping contribution related to these coupling effects of the symmetric, unbalanced GFRP specimens, additional bidirectional, symmetric and balanced GFRP plates were manufactured. Different specimens with regard to testing method, material, dimensions and stack were cut using waterjet for five different fibre orientations, as shown in Table 1 . The specimens analysed with VBT were also used for quasistatic tensile tests.
Quality assurance
The fibre volume ratio is a common parameter to verify a homogeneous fibre and matrix material distribution within a composite structure. 50 Three samples per plate in the size of around 80 mm Â 20 mm were taken from different locations and burned at 620 C for 4 h according to the standard. 51 The relative weight of the fibre was calculated by
with m tot and m f representing the total weight of the specimen (before burning) and the weight of the fibre (after burning). The fibre volume ratio V f was determined by
where m and f are the densities of the matrix and fibre. 52 The determination of the FVR by combustion is only suited for GF composite, as AF will partly burn and degrade. 53 Furthermore, the CAT device 'ZEISS XRadia 410 Versa' was used to generate cross-sectional images from representative GF and AF specimens, illustrating the sample quality and uniformity with respect to voids, resin rich areas and fibre undulations. The instrument was operated at 40 kV and 60 kV for AFRP and GFRP samples. Image acquisition was 
220 mm Â 15 mm Â 1.9 mm AE 0.1 mm GF j AF j GF j AF j GF VBT: vibrating beam test; DMTA: dynamic mechanical thermal analyser.
performed using the large field of view objective and 1601 projections with 4 s and 5 s exposure time for AFRP and GFRP samples. Image reconstruction was performed using the inbuilt acquisition and reconstruction software package provided by ZEISS, while for visualization the software 'Avizo9.4.0' from FEI was used.
Static mechanical testing
The static material characterisation was carried out on a servo-hydraulic MTS 312.21 test machine with a 100 kN actuator and a 5 kN load cell. The unbalanced and balanced tensile test specimens were quasistatically tested at a strain rate of 0.5 mm/ min, which is well below the dynamic test conditions. Hydraulic grips were used to clamp the composite samples, whereof the lower one had a rotational degree of freedom. The calculation of the tensile moduli E 0 'j exp and the Poisson ratio 12 is based on the ASTM standard D3039. 54 Two specimens were tested per material configuration and fibre orientation. Each specimen was released before repeating the measurement three times resulting in six measurements in total for each configuration.
Dynamic mechanical thermal analysis
The DMTA is a widely used method to analyse the damping behaviour of fibre reinforced composites. 55 The loss factor was measured in different fibre orientations ' ¼ 0 , 30 , 45 , 60 and 90 . The fibre direction dependent damping properties of a representative UD layer 11 , 22 and 12 were then calculated based on equations (5) and (6) . A three-point bending fixture with a span of 50 mm and spherical bearings, allowing rotations around the lengthwise axis of the specimens, were used to minimize clamping effects and in order to fulfil the 'free-flexure' condition required by the AdamBacon approach. 33 As polymer materials exhibit a pronounced strain-rate dependency on the mechanical properties, a preliminary strain-rate analysis was carried out in order to determine a vibration amplitude related to the linear region of the amplitude-force-diagram, suitable for all material configurations, environmental test conditions and fibre directions. 56 The results of the strain-rate analysis are demonstrated in Figure 2 for a GF-EP-0 specimen with a AE30 configuration at À20 C and þ20 C, and a constant test frequency of 1 Hz. Due to the linear strain-rate behaviour, a global amplitude of 150 mm was chosen for all DMTA tests. The test conditions were chosen so that they resemble those in a galloping-prone environment with frequencies between 0.5 Hz and 2.0 Hz and temperatures between À20 C and 0 C. 5, 6 Additional damping measurements were carried out with the vibrating beam test (VBT) method at 20 C in order to verify the comparability of the two common damping measurement techniques.
Vibrating beam testing
The VBT method is commonly used to analyse the damping properties of under-damped systems such as composite beams by analysing the free vibration decay of an oscillating structure at its first natural frequency f 1 .
57-59 Different excitation techniques with various suitability for the damping evaluation have previously been used, such as the excitation by shaker, 60 by impact hammer 17 or by initial displacement. [61] [62] [63] The activation of mainly the first mode may be well achieved by an initial displacement, as the focus is on the damping characteristics at the lowest natural frequency. A freeflexural configuration of the test is required to analyse the damping based on the Adam-Bacon approach. 33 The specifications of the test samples are listed in Table 1 . The cantilever specimens were horizontally fixed between two clamping plates, screwed together with a tightening torque of 15 Nm. An initial tip displacement was set and released for all specimen configurations and fibre directions. By adjusting the free length of each specimen, all VBT were carried out at a constant vibration frequency f 1 around 20 Hz AE 1 Hz. The dynamic response of the beam was measured contact-free at a distance of 5 mm from the beam tip by a laser displacement sensor optoNCDT 1402 from Micro-Epsilon at a sampling frequency of 2000 Hz, connected to the analog input module NI 9215 from National Instruments. The dynamic response of the vibrating beam is represented by a declining sine curve, on which an exponential decay curve may be fitted as an envelope. It is assumed that mainly the first mode dominates the behaviour and that any influence from other modes may be neglected. The resulting envelope g(t) for the first mode may therefore be described as 
À30
] s at À20 C and þ20 C and 1 Hz.
with ! 1 , and X 0 being the natural frequency, the damping ratio and the initial displacement, respectively. 64 The loss factor is calculated based on equation (4) . Two specimens were tested per material configuration. Each specimen was released before repeating the measurement three times (six measurements in total per material configuration and fibre direction).
Results and discussion
The results of the static mechanical analysis are presented, followed by the results of the experimental damping analysis of relevant composite materials for the use in high-voltage power pylons. The comparability of these results is ensured by verifying the uniformity of the investigated samples with a consistent FVR and representative CAT-scans. The fibre direction dependent damping properties are evaluated with regard to various test and design parameters such as different matrix materials, fibre materials, supplemental NC modification, temperature and frequency variation, as well as different test methodologies and stacking sequences. Finally, the results of the numerical damping analysis of hybrid laminates are compared to equivalent experimental results.
Quality assurance
The uniformity and internal structure of representative specimens were evaluated based on the FVR and X-ray tomograms. The FVR was analysed for all GF samples, whereas only representative GF-EP, GF-VE and AF-EP specimens were CAT-scanned. The results of the relative fibre weight and the FVR V f are presented in Table 2 . The slightly higher relative fibre weight of GF-VE compared to GF-EP may be explained by a lower resin density of VE than EP. The increase of with the application of NC is due to the non-combustible nature of the NC. A visual difference of GF samples with and without NC is also observed with respect to color and cohesion of the remaining fibre bundles (Figure 3) . However, the difference in the FVRs and the related standard deviations with regard to the two groups (with NC and without NC) demonstrates a uniform matrix-fibre distribution of the GF sample plates. A comparability of the static and dynamic mechanical properties, determined by DMA and VBT (see section 'Experimental damping investigation'), is thereby ensured. A quality assurance with regard to voids and undulations was carried out using CAT-scans. X-ray tomograms of AF-EP (A), GF-VE (B) and GF-EP (C) samples were qualitatively analysed. Three representative images are presented in Figure 4 , referring to the coordinate system defined in Figure 1 . No fibre undulations are observed in tomogram C. Instead, voids with dimensions up to 0.5 mm are identified within all three specimens. Its location between the fibre bundles is due to the use of fibres with a relatively low fineness of 2400 tex. Finer fibre bundles (lower tex) may lead to smaller gaps, resulting in smaller voids. Furthermore, the manufacturing method (see section 'Materials and sample preparation') is prone to a high void content, due to the manual application of resin. As the same manufacturing method was used for all investigated test sample plates, a similar void characteristics and distribution is assumed for all DMA and VBT specimens. Therefore, the potential effect of the voids on the damping behaviour is assumed to be equal for all investigated specimens.
Static mechanical testing
Quasi-static tensile tests were used to determine the fibre direction dependent tensile moduli E For both materials and fibre directions, the NC modification has a slight increasing effect on the Young's modulus E 0 'j exp , which is consistent with the literature.
13
Independent of the NC content, the matrix material VE shows generally higher stiffness for all GF specimens compared to EP. This effect is not observed for the AF specimens and may be explained by a different sizing-matrix-compatibility of AF to VE and EP. 65 The stiffness maximum is at ' ¼ 0 along the fibre direction for GF and AF specimens. The small amount of weft thread in the AF fabric leads to a stiffness increase for ' ¼ 90
. The major drop in stiffness between ' ¼ 0 and 30 for all AF specimens, independent of the matrix, may be explained by the anisotropic material behaviour of AF. 66, 67 A slight fibre misalignment will cause a significant stiffness drop, which explains the larger standard deviation for ' ¼ 0 . A smoother stiffness drop for the same angle range is observed for GF specimens in Figure 5 . Furthermore, no reinforcing effect for ' ¼ 90 is observed for GF samples, as pure UD fabrics with chopped strand mats were used (see section 'Materials and sample preparation'). The standard deviation of the fibre direction dependent tensile moduli was considered in the calculation of the material properties in its principle directions by equations (2) and (3). The variation is plotted in a polar diagram (see Figure 7) . The resulting material properties for a representative UD-layer E 1 , E 2 and G 12 , obtained from the optimization by equation (3) , are shown in Table 3 for all GF-composite configurations. The variation represents the standard deviation of the fibre direction dependent tensile moduli. However, the fibre direction dependent tensile moduli of unbalanced laminates only represent the apparent stiffness, due to the constrained shear-tension-coupling caused by the hydraulic grips of the test machine.
Experimental damping investigation
The effect of the matrix material, the fibre material, the NC modification as well as the temperature and frequency on the fibre direction damping properties were analysed in galloping-like environmental conditions by DMTA measurements. Although no standard deviation is available for the DMTA measurements, because the analysis only contains a single specimen per material configuration and fibre direction, several DMTA-internal measurements of the loss factor with necessarily consistent results were made before generating an average damping value. The effect of a balanced and unbalanced stacking sequence on the direction dependent damping properties are analysed by VBT and DMTA at room temperature. The amplitude-time signal of the VBT measurement is assumed to be related to the first activated bending mode only and the damping ratio may therefore be estimated well by the exponential fit of equation (13) to the envelope of the free decay curve. The good agreement is shown in Figure 8 for GF-EP with 2 wt.% NC and a fibre angle of ' ¼ 60 .
Effect of matrix material. The damping properties of composite materials are highly dependent on the fibre direction. The loss factor of a representative UD layer in transverse direction (' ¼ 90 ) is generally higher compared to its longitudinal direction (' ¼ 0 ), represented by
This is due to the matrix dominated properties in transverse direction and the much higher damping of the viscoelastic polymer compared to the fibre. Although the loss modulus in longitudinal direction E 00 0 may be larger than E 00 90 in transverse direction, the high storage modulus E 0 0 in longitudinal direction, dominated by the fibre, leads to a lower loss factor 0 compared to 90 (see equation (14)). 68 Thus, any change or modification with respect to the matrix material composition will mainly affect the off-axis damping properties. According to the DMTA results of GF-VE and GF-EP (measured at 0 C and 1 Hz) presented in Figure 9 , the matrix material VE shows significantly higher damping properties of about 20% to 40% for all offaxis fibre directions compared to EP. Moreover, the loss factor in fibre direction remains relatively unchanged for EP and VE, as the behaviour is governed by the GF. Furthermore, the off-axis damping properties of GF-VE and GF-EP represent the damping properties of neat EP with EP ¼ 0.012 and VE with VE ¼ 0.017 at 0 C. These observations are consistent with a previous study. 13 The peak damping is obtained for both materials at an off-axis fibre direction at ' % 30
, since the contribution of damping due to bend-twist-coupling reaches its maximum at fibre angles ' % 30 . 32 As mentioned in section 'Damping approximation', the approach by AdamsBacon, predicting 11 , 22 and 12 , is only valid for the 'free flexure' condition, allowing the beam to twist during bending. This condition is full filled for both the DMTA and VBT. The approach is therefore assumed to successfully predict the additional damping due to the bend-twist-coupling based on several individual measurements of the off-axis damping for various fibre directions '. However, available data of the predicted fibre direction damping of off-axis laminates under 'free flexure' conditions 33 coincide with the observed trend represented in Figure 9 . When applying the modal strain energy approach based on the damping properties of the (unbalanced and symmetric) representative UD layer to a symmetric and balanced multi-layer structure, a systematic error is taken into account due to absence of the structural bend-twisting coupling effects. Therefore, a damping analysis of a symmetric and balanced representative UD layer was carried out in order to quantify the damping caused by bend-twisting effects (see section 'Effect of stacking sequence'). Based on the results shown in Figure 9 , VE as matrix material is recommended with regard to damping enhancement.
Effect of fibre material. Investigations of AF composites showed approximately two to four times higher damping properties compared to GF composites at room temperature. 17, 31 A similar damping behaviour has been observed for temperatures and frequencies at À20 C and 1 Hz (see Figure 10 ). The fibre dominated loss factor for AF composites at ' ¼ 0 is with AF 0 % 0.015 up to 5 times larger than the equivalent GF composites with GF 0 % 0.003. In contrast to GF-EP and GF-VE composite specimens, the matrix material VE beneficially contributes to the damping properties in the fibre direction of AF laminates. This behaviour is also observed in Figure 11 : A matrix modification of VE by 2 wt.% NC also increases the fibre dominated damping properties at ' ¼ 0 , whereas the damping properties remain almost unchanged by a NC modification of EP. This might be explained by generally larger damping properties of VE compared to EP and differences in the matrix-fibre interface. In the off-axis fibre directions, the contribution of the AF to the damping behaviour is generally higher compared to GF. The contribution is the lowest at a fibre angle ' ¼ 45 due to the fibre reinforcement at ' ¼ 0 and ' ¼ 90 . AF seems to be very well suited for the use in high-voltage power pylons due to its good static and dynamic mechanical properties as well as its non-conductive nature. However, other relevant parameters such as cost, increased moisture absorption and low UV resistance may hinder large scale development.
Effect of NC content. A matrix modification by 2 wt.% NC was observed to be less effective for neat EP than for neat VE. 13 This trend is consistent with the results presented in Figure 11 . The small positive effect of the matrix modification on the damping is mainly observed for the off-axis directions and ranges from þ 7% to þ 25%, depending on the matrix material and fibre direction. However, the measured damping values in the off-axis directions of AF composites are with 4 0:02 significantly larger than the observed damping properties of the individual material components at temperatures at 0 C: neat matrix material (EP-0 ( ¼ 0.012) j EP-2 ( ¼ 0.013) j VE-0 ( ¼ 0.017) j VE-2 ( ¼ 0.02)) and AF in fibre direction ( 5 0:017 in the fibre direction). The results are consistent with the literature 17, 31 and may be explained by the anisotropic material behaviour of AF and its related enhanced damping properties in off-axis directions (see section 'Static analysis'). 66, 67 That effect is not observed for GF specimens, where the fibres are of isotropic nature. A matrix modification with NC is indeed a viable possibility for increasing the matrix dominated damping properties primarily in the off-axis directions by up to 10% to 20% for AF composites. However, the related restrictions with respect to manufacturability of large composite structures as well as the complex manufacturing process of NC modified resin need to be considered for a realistic cost-to-benefit ratio.
Effect of fibre hybridization. AF and GF may together be used in hybrid-composites in order to combine their properties with respect to static and dynamic mechanical properties. 17, 69 Two different AF-GF-EP hybrid stacking sequences, [AF j GF j GF j GF j AF] and [GF j AF j GF j AF j GF], were investigated and compared with its non-hybrid GF-EP and AF-EP counterparts (see Figure 12) . Based on the results already discussed in section 'Effect of fibre material', GF-EP shows in general much lower damping properties compared to AF-EP. The higher the percentage of AF within the laminate, the higher the damping properties in all fibre directions. In case of an equal amount of AF layers within hybrid composites, its location affects the laminate damping behaviour. Laminates with AF layers located furthermost from the neutral axis will exhibit increased damping properties, as these layers will experience larger strains, leading to a proportionally higher damping contribution. The effect is independent of fibre orientation. The hybridization of AF and GF is an effective way to increase the damping properties of composite materials by about 20-30% for off-axis directions and up to 3 times for the fibre direction compared to pure GF composites. However, as discussed in section 'Effect of fibre material', further investigations related to costs and effect on different environmental conditions need to be made.
Effect of temperature. The measured temperaturedamping dependency of GF-EP and AF-EP in the range between À20 C and 0 C is shown in Figure 13 . The temperature dependent damping results are consistent with the literature and a previous study on pure EP. 13, 21, 22, 70, 71 An increase in temperature from À20 C to 0 C leads to a decrease in damping for almost all AF-EP and GF-EP specimens and fibre directions. For AF-laminates, the loss factor is reduced by approximately 8% for ' ¼ 45 and 90 as well as 20% for ' ¼ 0 and 60 , except for ' ¼ 30 , which is a potential outlier. The decrease in damping of AF specimens in the fibre direction is in agreement with the observations made in Figures 10 and 11 regarding the influence of matrix dominated properties in the fibre direction (see section 'Effect of fibre material'). This effect may be explained by differences in the matrix-fibre interface compared to GF. The decrease of the damping properties of GF-EP specimens with increasing temperature is with maximum 5% negligible. However, the fibre direction dependent damping characteristics of GF-EP and AF-EP are considered constant within the temperature range relevant for galloping conductor lines. The fibre direction damping properties 11 , 22 and 12 for a representative UD-layer based on the DMTA measurements and the Adams-Bacon-Approach (see section 'Approximate damping approach') are shown in Table 4 for all GF-composite configurations at different temperatures and NC contents.
Effect of frequency. The effect of frequency on the fibre direction dependent damping is evaluated within the frequency range from 0.5 Hz to 2 Hz, representative for galloping of overhead transmission lines. An increase in frequency from 0.5 Hz to 2 Hz at À20 C leads to slightly increased damping properties in fibre direction for GF-EP and AF-EP, but a decreasing loss factor in the off-axis directions with ' 4 0 (see Figure 14) . These results are in line with the literature for this particular frequency range and represent the damping behaviour dominated by fibre and matrix, respectively. 21, 72 Due to the negligible effect of a frequency change from 0.5 Hz to 2 Hz on the fibre direction damping, the material characterisation with regard to damping is though optimal at a representative Figure 12 . Effect of fibre-hybridization on the fibre direction dependent damping behaviour of GF-EP, AF-EP and AF-GF-EP (DMTA, À20 C at 1 Hz).
frequency of 1 Hz for the design process of galloping affected composite structures.
Effect of test method. The fibre direction dependent damping properties based on the two different damping measurement methods, DMTA and VBT, are analysed in this section for GF-EP and GF-VE in order to verify the comparability of the two techniques. The test parameters temperature and frequency are therefore kept equal for both tests due to the frequency and temperature dependent damping behaviour of composite materials. 35, 62, 73 All resonant VBT measurements were carried out at 20 C and 20 Hz with an initial amplitude of 5 mm and 10 mm, the non-resonant DMTA was performed at 20 C with frequencies of up to 10 Hz. The fibre direction dependent damping properties for 20 Hz were obtained by extrapolating the data with a logarithmic approximation function. The results are presented for GF-EP specimens in Figure 15 . The increase of the fibre dominated damping properties (' ¼ 0 ) and the decrease of the matrix dominated damping properties (' 4 0 ) with higher frequency are in line with existing DMTA results for glass and carbon fibre reinforced plastics. 21, 35 In contrast, damping measurements by VBT result in increasing damping with frequency for all fibre directions. 31 These structural damping properties include material damping, friction damping in the clamping area and air damping, which is proportional to frequency and amplitude. 62, [74] [75] [76] The presence of clamping effects, influencing the overall damping behaviour, is assumed to be higher for cantilever beam configurations (VBT) with a considerably high vibration amplitude compared to simple supported beams in a three-point-bending fixture (DMTA) with vibration amplitudes of 150 mm. The fibre direction dependent damping properties of GF-EP are shown in Figure 16 for 20 Hz with respect to the two test methods and boundary conditions. The DMTA results show the characteristic behaviour with its maximum at ' ¼ 30
, although the decrease in damping at ' ¼ 60 and 90 is unusually high (compare to Figure 14) . This behaviour may be explained by inaccurately extrapolated data. In contrast, the damping results obtained by VBT measurements increase towards ' ¼ 45
, followed by constant damping properties for the remaining fibre angles ' ! 45
. This behaviour is identical to existing VBT results. 31 However, it is unexpected that the damping properties, Figure 13 . Effect of the testing temperature on the fibre direction dependent damping behaviour of GF-EP and AF-EP (DMTA, À20 C and 0 C at 1 Hz). obtained by VBT and DMTA, do not show similar effects or tendencies, as free-flexure conditions with an unrestricted twist are present in both test methods. Although twist-coupling effects are linked to off-axis laminates, they may contribute differently to the overall damping, depending on varying loading conditions, sample geometries and boundary condition of different test methods. The same tendency of fibre direction dependent damping for GF-EP laminates is observed for GF-VE specimens, tested by VBT and DMTA, using extrapolated data ( Figure 17 ). The differences in damping due to the different matrix materials VE and EP (compare Figures 16 and 17 ) vary up to 30% in ' ¼ 30 and up to 50% in ' ¼ 90 for DMTA measurements, but remain almost constant in the VBT analysis. Thus, the DMTA damping measurements seem to be much more sensitive and may be better suited for analysing different material compositions, temperature and frequency dependencies as well as bend-twist-coupling effects with respect to the damping properties, compared to the resonant VBT method with its larger sample dimensions and vibration amplitudes as well as clamping influence (see Table 1 ). Furthermore, the increase of initial tip displacement from 5 mm to 10 mm leads to a constant increase of the damping properties of approximately 20% for both materials due to additional clamping effects and air damping (see Figure 16 ). In order to reduce these effects, an initial tip displacement of 2.5 mm was investigated. Although the initial displacement may have slightly reduced the influence of air damping even further, the increasing noise in the time-displacement signal from the laser sensor resulted in deviations related to the curve fitting process. The VBT reference damping properties were therefore chosen based on the initial displacement of 5 mm. The generally lower damping properties obtained by DMTA measurements (except for ' ¼ 30 due to the bend-twist-coupling effects) can mainly be related to material damping, whereas the damping measurements by VBT consist of material damping, air damping and friction damping and are therefore considered as structural damping. These significant differences between DMTA and VBT with respect to the resulting damping properties should be taken into account when using the data for the dynamic design of composite structures. 62 Effect of stacking sequence. All samples used for the damping characterisation by DMTA and VBT had a symmetric and unbalanced laminate architecture in order to fulfil the Adams-Bacon-Approach (see Figure 1) . 33 Therefore, the damping results obtained by DMTA measurements showed distinct peaks at a fibre angle of ' % 30 due to bend-twist coupling effects, linked to off-axis laminates (see Figures 11 and 13) . 32 This additional damping will artificially overestimate the shear damping property 12 of a representative UD layer, from which symmetric, balanced and bend-twist-coupling-free multilayer composite structures are modelled. In order to prevent this systematic error, the coupling related damping needs to be evaluated and quantified. Therefore, the contribution of the coupling effects on the direction dependent damping properties are investigated for GF-EP and GF-VE by comparing the damping behaviour of unbalanced and balanced laminates, where the latter should be unaffected by bend-twisting effects. The damping results of GF-EP with balanced and unbalanced stacking sequences are shown in Figure 18 based on DMTA and VBT measurements at 20 C and 20 Hz. No distinction between balanced and unbalanced stacking sequences is made in the fibre directions ' ¼ 0 and
, as only balanced laminates will meet these conditions. According to Figure 18 and observations made in section 'Effect of test method', no peaks at a fibre angle of ' % 30 occur for VBT measurements from specimens with balanced and unbalanced stacking sequence. Instead, the damping increases constantly up to a fibre angle of ' % 45 , followed by a slight increase up to a fibre angle of ' ¼ 90
. This trend indicates that existing bend-twist coupling effects are superimposed by air damping, friction damping in the clamping zone and other effects. Thus, an assessment of bend-twist coupling effects can not be made by VBT measurements. Furthermore, the specimens with a balanced layup show about 15% lower damping properties for 30 5 ' 5 60 compared to specimens with an unbalanced layup. This may also be explained by differences in the specimen thickness, resulting in a change in stiffness and air damping contribution. Specimens with an unbalanced stack were 25% thinner compared to specimens with a balanced stack (see Table 1 and Figure 1 ). On the other hand, the vibrating length, and therefore the area affected by air damping, were reduced for unbalanced laminates in order to keep the vibration frequency constant at f 1 ¼ 20 Hz. Damping results obtained by DMTA measurements of laminates with an unbalanced stack, exhibit a peak related to coupling effects at ' % 30
. In accordance to the findings above, the highest damping for balanced GF-EP laminates is observed for ' ¼ AE 45 . This damping characteristics without bend-twist coupling effects is expected, as shear stresses attain their maximum for this particular stacking sequence. The introduction of an equivalent shear damping 12 eq for the DMTA damping analysis of balanced laminates may therefore underestimate the damping behaviour of a representative UD-layer: BD laminates with balanced stacking sequences show higher tensile moduli for ' ¼ AE 30 , AE45
and AE 60 compared to unbalanced UD laminates, resulting in higher in-plane shear stiffness and thus a reduced equivalent shear damping 12 eq (see Figure 19 ). The calculated shear damping 12 (for unbalanced laminate) and the equivalent shear damping 12 eq (for balanced laminate) based on equations (5) and (6) may result only in small variations: the damping in ' ¼ 30 is approx. 20% higher for unbalanced laminates, whereas balanced laminates show approx. 20% higher damping in ' ¼ 60 (see Figure 18) . Furthermore, the damping properties in ' ¼ 45 are in the same range. Thus, the apparent differences in damping for ' ¼ 30
and ' ¼ 60 may simply cancel out. Finally, the differences in damping between balanced and unbalanced laminates are less than expected and may not significantly influence the shear damping properties of the investigated materials.
Comparison of numerical and experimental damping analysis
In order to verify the experimentally determined static and dynamic mechanical properties, the first natural frequency f 1 and the related modal damping of a vibrating multilayer composite beam were predicted by an FEA. Four different input parameter sets with respect to the modal damping were used to simulate the VBT test procedure at room temperature for three Table 5 . Furthermore, a mesh convergence study based on the input parameter set '4. -balanced, VBT' is presented in Figure 20 . The number of elements used for the numerical simulation was set to n el ¼ 680. A sufficient mesh refinement was thereby verified. Figure 16 ), as mentioned in section 'Effect of test method'. In contrast, the VBT-related damping properties are constant for ' ! 45 (see Figure 16 ), whereby they are slightly over-predicted by 9.2% for the [þ60,À60] s specimens. It is assumed that the 'correct' damping for GF-EP-0 at ' ! 60 is mean value of the VBT and DMTA results. As expected, only small variations between DMTArelated damping properties with unbalanced and balanced stacking sequences are observed. The difference in loss factor at ' ¼ 30 and ' ¼ 60 are similar (see Figure 18 ) and will therefore cancel each other out, when calculating the shear damping 12 based on equations (5) and (6) . The damping prediction for laminates with stacking sequences at large fibre angles [þ60,À60] s is equally inaccurate for both DMTA-related damping input parameter sets. However, for both unbalanced and balanced stacking sequences, a good damping prediction is obtained for laminates with fibre angles ' 5 60 based on DMTA measurements. The concerns with regard to bendtwist-coupling related deviations for the simulations are therefore seemingly unfounded. Other effects like friction damping due to clamping may have much higher impact on the modal loss factor. In fact, the most accurate prediction with Á ¼ 5:0% for all stacking sequences [þ30,À30] s , [þ45,À45] s and [þ60,À60] s is based on the VBT-related damping properties with an unbalanced stack. This may be explained by the similarity of the experiment and the numerical model in terms of specimen geometry, boundary condition and the related stress distribution. Thus, VBTrelated damping measurements of laminates with an unbalanced stack will further be used to predict the modal damping of more complex composite structures.
Conclusion
The characterisation and prediction of damping properties for non-conductive composite materials such as aramid and GF reinforced plastics have been presented. The direction dependent damping properties have been evaluated under environmental conditions prone for the galloping phenomena, considering different material modifications such as the addition of NC fillers, the variation of matrix materials and the hybridization of glass and AFs. Furthermore, the modal damping was successfully predicted for laminates with different stacking sequences based on damping properties obtained by VBT and DMTA measurements. The main conclusions are as follows:
. AF composites showed up to four times higher damping at À20 C compared to GF composites. . At 0 C approximately 30% higher damping was obtained for the matrix material VE compared to EP.
. NC led to an increase in the off-axis damping for AF by 10 to 20% at 0 C. . A fibre hybridization of GF and AF may enhance the damping in the fibre direction by 300% and in the off-axis direction by 20-30% at À20 C. . The direction dependent damping of GF and AF composites are frequency and temperature dependent. However, at environmental conditions close to galloping, only small changes were observed. . Damping measurements by DMTA seem to be more sensitive to changes in the stacking sequence. . The predicted natural frequency and modal damping are in good accordance to the experimental results. The damping properties based on VBT measurements for unbalanced laminates showed the best match.
The latter point raises the question, which damping measurement method to chose for predicting the modal damping of a structure. This may depend primarily on the boundary conditions, due to their substantial influence on the damping. In case of a free-freeboundary condition, no clamping effects will occur and therefore damping values obtained by DMTA measurements may fit well. On the other hand, a free vibrating structure under a clamped-free condition will experience friction damping in the clamping zone. Therefore, damping properties obtained by VBT may better represent the damping behaviour. However, the quality of the clamping is a governing factor of the damping measurements, which must be taken into consideration in each individual case. In future works, the obtained damping parameters will be applied to more complex composite structures in order to evaluate their modal damping. Therefore, the influence of the clamping effects on the overall damping has to be carefully evaluated. Furthermore, passive and non-conductive constrained layer damping treatments are very promising for the use in high-voltage power pylons. The damping may thereby significantly be increased by viscoelastic intermediate layers, when subjected to shear. The related trade-off between a reduction in natural frequency and an increase in damping and weight may then be investigated using optimization algorithms. However, the design criteria weight will therefore only be of minor importance, as the power pylon is considered mainly as a static structure.
